Aquaporin-4 (AQP4) is a water transport protein expressed in glial cell plasma membranes, including glial cell foot processes lining the blood-brain barrier. AQP4 deletion in mice reduces cytotoxic brain edema produced by different pathologies. To determine whether AQP4 is rate-limiting for brain water accumulation and whether altered AQP4 expression, as occurs in various pathologies, could have functional importance, we generated mice that overexpressed AQP4 in brain glial cells by a transgenic approach using the glial fibrillary acid protein promoter. Overexpression of AQP4 protein in brain by ϳ2.3-fold did not affect mouse survival, appearance, or behavior, nor did it affect brain anatomy or intracranial pressure (ICP). However, following acute water intoxication produced by intraperitoneal water injection, AQP4-overexpressing mice had an accelerated progression of cytotoxic brain swelling, with ICP elevation of 20 ؎ 2 mmHg at 10 min, often producing brain herniation and death. In contrast, ICP elevation was 14 ؎ 2 mmHg at 10 min in control mice and 9.8 ؎ 2 mmHg in AQP4 knockout mice. The deduced increase in brain water content correlated linearly with brain AQP4 protein expression. We conclude that AQP4 expression is rate-limiting for brain water accumulation, and thus, that altered AQP4 expression can be functionally significant.
Aquaporin-4 (AQP4)
2 is a water-selective membrane transport protein expressed in glial cells in brain, particularly at the borders between brain parenchyma and the major fluid compartments in brain (1, 2) . Strong AQP4 expression is found in astroglial cell foot processes at the blood-brain barrier, in glia lining the subarachnoid cerebrospinal fluid space, and in ependyma and subependymal glia lining the ventricular cerebrospinal fluid space. AQP4 expression in glial cells is up-regulated in various brain pathologies, including trauma (3, 4) , tumor (5, 6) , subarachnoid hemorrhage (7), ischemia (8) , and inflammation (9, 10) . Whether increased AQP4 expression is functionally significant for water movement between brain and cerebrospinal fluid or blood is not known, as is whether AQP4 is ratelimiting for water movement across the blood-brain barrier. Because water movement from blood to brain parenchyma involves water transport across a tight endothelial cell layer, which does not express AQPs, followed by transport across AQP4-expressing glial cell foot processes surrounding brain microvessels, water movement into the brain may be limited by the endothelial barrier.
Evidence from AQP4 knock-out mice indicates slowed water movement both into and out of the brain in AQP4 deficiency, resulting in opposite consequences for cytotoxic versus vasogenic brain edema (reviewed in Ref. 11) . AQP4 knock-out mice have reduced brain swelling and improved survival when compared with control, wild-type mice following water intoxication and reduced hemispheric swelling after focal cerebral ischemia (12) . AQP4-null mice also have greatly improved survival in a mouse model of bacterial meningitis (9) . According to the Klatzo classification of brain edema, these are primarily models of cytotoxic (cell swelling) edema in which excess water moves from the vasculature into the brain parenchyma through an intact blood-brain barrier. AQP4 also facilitates the elimination of excess brain water. When the blood-brain barrier becomes disrupted as in brain tumor or abscess, water moves from the vasculature into the brain extracellular space in an AQP4-independent manner to form vasogenic edema. Excess water is eliminated primarily through the glia limiting membranes into the cerebrospinal fluid. Greater brain water accumulation and intracranial pressure were found in AQP4-null versus wild-type mice with brain tumor, brain abscess, focal cortical-freeze injury, and after infusion of normal saline directly into brain extracellular space (10, 13) , indicating that vasogenic edema fluid is eliminated by an AQP4-dependent route. Also, in a kaolin injection model of obstructive hydrocephalus, AQP4-null mice develop more marked hydrocephalus than wild-type mice (14) , probably due to reduced water clearance in AQP4-null mice through the ependymal and blood-brain barriers. These studies support the view that AQP4 is a bidirectional water channel that facilitates water transport into and out of the brain.
The studies using AQP4 knock-out mice, however, do not address whether increased AQP4 expression, as occurs in various types of brain injuries and pathologies, could have functional consequences. If endothelial cells in brain microvessels are rate-limiting for water transport under normal conditions, then further increases in AQP4 expression in glial cell foot processes would be without effect. To address this question, we generated glial cell-targeted, AQP4-overexpressing mice using a glial fibrillary acid protein (GFAP) promotor strategy and investigated whether AQP4 overexpression would accelerate cytotoxic brain edema by increasing water transport across the blood-brain barrier. GFAP is expressed in most glial cells, including those lining the blood-brain barrier. The data show accelerated brain water accumulation following acute water intoxication, indicating that under normal conditions, glial cell AQP4 is rate-limiting for water movement into the brain, and thus, that altered AQP4 expression can be functionally significant.
EXPERIMENTAL PROCEDURES
Transgenic Mice-A 1.54-kb fragment of mouse AQP4 cDNA (121-1661, GenBank TM accession number NM_009700), containing the full coding region (including the ATG translational start site and the TAG stop codon) and the 3Ј-untranslated and poly-A sequences, was PCR-amplified from mouse brain cDNA and subcloned into pGEM3Z (Promega). A cytomegalovirus enhancer sequence (ϳ0.3 kb, subcloned from pcDNA3, Invitrogen) and a PCR-amplified ϳ2.2-kb GFAP promoter sequence (4 -2177, GenBank accession number M67446) were inserted upstream of the AQP4 cDNA sequence (see Fig. 1A ). A ϳ4-kb EcoRI/HindIII fragment containing the cytomegalovirus enhancer, GFAP promoter, AQP4 cDNA coding region, and 3Ј-untranslated and poly-A sequences was isolated, purified, and injected into pronuclei of C57 BL/6JxCBA F1 fertilized oocytes. Fertilized oocytes were transferred into pseudopregnant C57 BL/6JxCBA F1 mice. F 0 generation mice carrying the GFAP-AQP4 transgene construct were identified by genomic PCR analysis of tail DNA using sense primer (5Ј-TGGTCTGGCTCCAGGTACCAC-3Ј) from the GFAP promoter and antisense primer (5Ј-AGCAATGCT-GAGTCCAAAGC-3Ј) from the AQP4 cDNA coding region. PCR-positive mice were bred with wild-type CD1 to establish heterozygotic GFAP-AQP4 transgenic strains. Mouse lines with the strongest AQP4 expression were identified by immunoblot analysis of brain homogenates in F 1 generation offspring. AQP4 knock-out mice in a CD1 genetic background, generated by targeted gene disruption (15) , were used as well. Protocols were approved by the University of California, San Francisco, Committee on Animal Research.
Histology and Immunofluorescence-Tissues for histological examination was immersion-fixed in neutral buffered formalin, paraffin-embedded, sectioned, and stained with hematoxylin and eosin according to standard protocols. For immunofluorescence, brain tissue was fixed in 4% paraformaldehyde in phosphate-buffered saline (pH 7.4) for 24 h and then equilibrated with 30% sucrose in phosphate-buffered saline overnight at 4°C. Frozen (6-m) sections were blocked with 3% nonfat milk and then incubated overnight at 4°C with rabbit anti-AQP4 polyclonal antibody (1:500 dilution, Santa Cruz Biotechnology) and mouse anti-GFAP antibody (1:1000 dilution, Chemicon), washed with phosphate-buffered saline, and incubated with Cy3-labeled anti-rabbit IgG secondary antibody (Sigma) and fluorescein isothiocyanate-labeled anti-mouse secondary antibody (Invitrogen). Sections were also 4Ј,6-diamidino-2-phenylindole-stained and mounted with Vectashield mounting medium (Vector Laboratories).
Immunoblot Analysis-Brains were homogenized by 20 strokes of a glass Dounce homogenizer in 250 mM sucrose, 10 mM Tris-HCl, pH 7.4, 0.2 mM EDTA, 20 g/ml phenylmethylsulfonyl fluoride. Nuclei were removed by centrifugation at 500 ϫ g for 10 min at 4°C. Protein concentration was determined in the supernatant using the DC protein assay kit (BioRad). Proteins (5 g of protein/lane) were resolved by SDS-PAGE, transferred to Hybond-P membranes (GE Healthcare), blocked with 5% nonfat milk, and incubated with rabbit anti-AQP4 (1:1000 dilution) or rabbit anti-␤-actin (1:2000 dilution, Santa Cruz Biotechnology). Detection was done using the ECL Plus Western blotting detection system (GE Healthcare).
Reverse Transcription-Polymerase Chain Reaction-Brain tissues were stored in RNA Later TM solution (Ambion). Total RNA was isolated using the RNeasy Mini Kit (Qiagen). cDNA was reverse-transcribed from mRNA using random primers (SuperScript III first-strand synthesis system, Invitrogen). Fluorescence-based real-time PCR was carried out using the LightCycler with LightCycler FastStart DNA Master PLUS SYBR Green I kit (Roche Diagnostics) using primers: 5Ј-TGTATGC-CTCTGGTCGTACC-3Ј (sense) and 5Ј-CAGGTCCAGACG-CAGGATG-3Ј (antisense) for ␤-actin and 5Ј-GAGTCACCA-CGGTTCATGGA-3Ј (sense) and 5Ј-CGTTTGGAATCACA-GCTGGC-3Ј (antisense) for AQP4. Primer sequences were derived from GenBank accession numbers NM_007393 (␤-actin) and NM_009700 (AQP4). Real-time PCR was carried out according to the manufacturer's instructions, using ␤-actin as reference gene and pooled wild-type cDNA as the calibrator. Results are reported as normalized, calibrated ratios, normalized to the reference gene.
Intracranial Pressure (ICP) Measurements-Mice were anesthetized by intraperitoneal administration of Avertin (2,2,2-tribromoethanol, 125 mg/kg) and immobilized in a stereotaxic frame (MyNeuroLab). Core temperature was monitored and maintained at 37°C. In some experiments, the jugular vein was cannulated using PE-10 polyethylene tubing (BD Biosciences) to obtain blood samples (ϳ40 l). A ϳ1-mm-long sagittal skin incision was made 1.5 mm lateral to the superficial projection of the superior sagittal suture. After exposing the skull, a burr hole of 1-mm diameter was made 1 mm posterior to bregma and 1 mm lateral to midline. A low compliance pressure probe (Millar) was inserted through the craniotomy, and the gap between the edge of the burr hole and the probe was sealed with tissue glue. ICP was recorded at 100 Hz using a Biopac recording system.
Water Intoxication Studies-Female GFAP-AQP4 transgenic mice with matched wild-type mice and AQP4 knock-out mice (age ϳ10 weeks) were used for functional studies, with genotype information blinded until completion of measurements. Brain water accumulation across the blood-brain barrier was measured using the acute water intoxication model (12, 16) , in which intraperitoneally administered water is absorbed through mesenterial vessels producing hypo-osmotic hyponatremia. In anesthetized mice prepared for ICP monitoring as described above, a bolus of water (10% body weight) was administered intraperitoneally along with desmopressin acetate (DDAVP, 0.4 g/kg) to prevent renal free water excretion. The osmotic gradient drives water from the vascular bed into the cerebral parenchyma through the blood-brain barrier, which is monitored continuously by ICP. To measure the development of hyponatremia following water intoxication, serum sodium concentration was determined at 5-min intervals following intraperitoneal water administration. Blood samples (ϳ40 l) were drawn through a jugular cannula, serum protein was removed by trichloroacetic acid, and sodium concentration was determined by flame photometry after 5-fold dilution of serum. ICP curves were analyzed to compute: baseline ICP, ⌬ICP (from baseline) at 10 and 20 min after water intoxication, the rate of ICP increase (d(ICP)/dt) at 10 min, maximum (d(ICP)/dt) (from first-derivative plot), and time to reach maximum (d(ICP)/dt).
RESULTS

Generation and Characterization of AQP4-overexpressing
Transgenic Mice-To generate GFAP-AQP4-overexpressing transgenic mice, 100 C57 BL/6JxCBA embryos injected with the transgene construct in Fig. 1A were implanted into six C57 BL/6JxCBA foster mothers, producing 32 F 0 generation mice. Four of the 32 F 0 mice carried the GFAP-AQP4 transgene as determined by genomic PCR analysis using primers specific for the transgene sequence (four examples are shown in Fig. 1B ). Genotype analysis of offspring from breeding of F 0 generation GFAP-AQP4 mice with wild-type mice gave F 1 generation mice with Ͼ50% carrying the GFAP-AQP4 transgene (22 GFAP-AQP4 mice, 8 wild-type mice), indicating unimpaired neonatal survival. The mouse line producing offspring with the highest brain AQP4 protein expression (by immunoblot analysis) was used as the founder to establish an AQP4-overexpressing transgenic mouse line. The GFAP-AQP4 mice had normal survival, appearance, activity, and behavior and developed and bred normally. There was no significant difference in mouse weights of GFAP-AQP4 versus wild-type mice over the first 10 weeks of life (data not shown). It was found, however, that in subsequent generations of breeding (with wildtype mice), although brain AQP4 expression remained high, the fraction of GFAP-AQP4-positive offspring was progressively reduced. By the fourth generation, only ϳ20% of mice carried the GFAP-AQP4 transgene, indicating exclusion of the GFAP-AQP4 transgene from the genome in some germ cells. However, despite the genetic instability of the mouse line chosen for analysis, a sufficient number of AQP4-overexpressing mice could be generated for their characterization and brain swelling studies.
Real-time PCR analysis of RNA from brain homogenates showed that the GFAP-AQP4 mice had ϳ3.2-fold greater expression of mRNA encoding AQP4 than wildtype mice (Fig. 1C) . Full-length AQP4 mRNA was not detected in AQP4 knock-out mice, as expected. Fig. 1D shows immunoblot analysis of brain homogenates from mice at age 12 weeks. The ϳ30-kDa AQP4-specific protein band, which was absent in AQP4-null mice, was increased 2.3 Ϯ 0.3-fold (by quantitative densitometry using dilution standards) in the GFAP-AQP4 mice. AQP4 protein expression was not different in kidneys of GFAP-AQP4 mice and wild-type mice (data not shown), as expected, since kidney collecting duct cells do not express GFAP. These data indicate that AQP4 transgene expression driven by the GFAP promoter increases AQP4 protein expression in glial cells.
To ensure that GFAP-AQP4 transgene expression had no effect on glial cell development, morphology, or distribution, brain histology and GFAP immunoreactivity were compared in GFAP-AQP4 and wild-type mice. The appearance of major cerebral regions as well as the finer structure of pial membranes and cerebral capillaries was indistinguishable in wild-type versus GFAP-AQP4 mice ( Fig. 2A) . AQP4 immunofluorescence showed a similar AQP4 protein distribution pattern in the GFAP-AQP4 and wild-type mice, although with higher expression in the GFAP-AQP4 mice. AQP4 and GFAP protein were co-localized in the same cells (Fig. 2B) . Co-immunofluorescence with AQP4 and neuN antibody confirmed the expected absence of AQP4 protein in neurons in the GFAP-AQP4 mice (data not shown). These results indicate glial cell-specific AQP4 overexpression in brain in GFAP-AQP4 mice.
Functional Brain Water Accumulation Studies- Fig. 3A shows baseline ICP in a series of mice measured using an implanted pressure microtransducer. ICP did not differ significantly in GFAP-AQP4 versus wild-type mice or in AQP4 knock-out mice. Fig. 3B shows an original ICP curve (from a GFAP-AQP4 mouse) in which a bolus of water (10% body weight) was infused intraperitoneally as indicated by the arrow. Following a lag period where ICP remained nearly constant, ICP increased progressively, with large increases seen at ϳ30 min, just prior to brain herniation and death. Fig. 3B (inset) shows the rapid development of serum hyponatremia following intraperitoneal water administration measured in a separate group of mice. Fig. 3B shows representative ICP curves for two mice of each genotype. ICP increases were consistently greater in GFAP-AQP4 mice than in wild-type mice or AQP4-null mice. Brain herniation and death were seen by 40 min in 80% of GFAP-AQP4 mice, 50% of wild-type mice, and 30% of AQP4 knockout mice.
Several parameters were deduced from ICP kinetic data obtained from a series of mice. Fig. 3D summarizes the increase in ICP from baseline (⌬ICP) at 10 and 20 min after water administration, the rate of ICP increase (d(ICP)/dt) at 10 min, the maximal rate of ICP increase, and the time at which the maximum rate of ICP increase was seen. AQP4 overexpression significantly increased ⌬ICP at 10 and 20 min, as well as d(ICP)/dt at 10 min and maximum d(ICP)/dt, and shortened the time to reach maximum d(ICP)/dt. Significant differences, in the opposite direction, were seen comparing AQP4-null and wild-type mice. Fig. 4A shows correlations between two ICP parameters with brain AQP4 protein expression: ⌬ICP at 10 min following intraperitoneal administration of water (left) and maximum d(ICP)/dt (right). Fig. 4B shows a near linear relationship between brain AQP4 expression and the increase in brain water at 10 min, deduced from ⌬ICP and brain pressure-volume index. Pressure-volume index (ϳ18.3 in mice) is defined by the following relation: pressure-volume index ϭ dV/log(ICP 2 /ICP 1 ), where dV is the increase in brain water at 10 min, ICP 1 is baseline ICP, and ICP 2 is ICP at 10 min (17) .
An approximately linear relationship between ⌬ brain water at 10 min (a measure of osmotic water permeability of the blood-brain barrier) and AQP4 protein expression, as found in Fig. 4B , is predicted if glial foot-process AQP4 is rate-limiting for brain water accumulation across the bloodbrain barrier (the dashed line labeled AQP4 rate-limiting). In contrast, a saturating relation is predicted if the endothelial cell is rate-limiting (the dashed curve labeled endothelium rate-limiting). Where saturation occurs depends on the relative endothelial cell versus glial foot-process water permeabilities.
DISCUSSION
The main experimental finding here is that glial cell-targeted, AQP4-overexpressing mice manifest accelerated brain water accumulation in a water intoxication model of cytotoxic brain edema. Intraperitoneal water administration produces acute serum hyponatremia, creating an osmotic driving force for water entry into the brain across an intact blood-brain barrier. The accelerated increase in ICP and hence water entry into the brain in AQP4-overexpressing mice indicates that the enhanced AQP4 expression over baseline levels in control mice increases the osmotic water permeability of the blood-brain barrier, implying that AQP4 and glial water permeability are rate-limiting.
One consequence of our finding is that altered AQP4 expression in various brain pathologies can be functionally significant by increasing water movement into the brain. Cell culture and in vivo studies show altered AQP4 expression in response to various stresses. AQP4 transcript and protein expression were reduced by 60 -80% in astrocyte cultures exposed to hypoxia (18) . AQP4 expression was increased ϳ5-fold in human astrocyte cultures with inflammation produced by interferon-␥ exposure (19) . In mice, greatly increased AQP4 expression was found following stab wound injury (13), brain abscess (10), and bacterial meningitis (9) . AQP4 expression correlated with brain water content in a mouse model of transient cerebral ischemia (8) . Brain water content assessed from T2 weighted magnetic resonance images correlated with AQP4 expression in the tumor tissue (5, 6). Up-regulated AQP4 expression was also found in penetrating brain injury in rats (4) and in cortical contusion injury (3) . Other studies show reduced AQP4 expression in response to various insults, including transient middle cerebral artery occlusion in rats (20, 21) and diffuse (22) and focal (23) head trauma. Notwithstanding some conflicting results in the literature regarding the direction of change in AQP4 expression in various pathologies, it is concluded that brain AQP4 expression is sensitive to many types of insults, which, from the functional data here, translates to altered brain water balance.
A second consequence of our finding is that the glial cell membrane is a rate-limiting barrier for water movement across the blood-brain barrier, as supported by the correlation between brain water accumulation and AQP4 expression in Fig. 4B . However, it is not possible from the measurements here to determine absolute glial and endothelial cell osmotic water permeabilities. The measured increase in ICP in the acute water intoxication model is a composite function of intracranial compliance, the extent of AQP4 polarization to glial cell foot processes, the kinetics of serum and brain parenchymal osmolalities, and unstirred layer effects. Also, glial and endothelial cell surface areas at the bloodbrain barrier are not known.
We used a GFAP promoter strategy to generate glial cell AQP4-overexpressing transgenic mice. GFAP is an intermediate filament protein found almost exclusively in glial cells (24, 25) . Because of its specificity, the GFAP promoter has been used as a tool to direct the expression of other genes to glial cells for a variety of studies of glial cell function, brain injury, and other brain pathologies (26 -28) . The GFAP promoter drives glial cell-specific expression of a variety of foreign proteins not normally expressed in glial cells, such as lacZ (25) , green fluorescent protein (29) , apoE3 and apoE4 (30) , interleukin-12 (31), hemagglutinin (32) , erbB (33) , interferon-␤R1 (34) , and tau (35) . Both the mouse and the human GFAP promoters have been used in transgenic mouse models (36) , with the highest levels of expression found in human GFAP promot- E.) . B, deduced increase in brain water at 10 min following intraperitoneal administration of water (⌬ brain water, in l), as a function of brain AQP4 expression. ⌬ brain water at 10 min is a measure of osmotic water permeability of the blood-brain barrier. Hypothetical curves (dashed) show predictions if AQP4 is rate-limiting for blood-brain barrier water permeability versus if the endothelium is rate-limiting for blood-brain water permeability.
er-transgene mouse lines. Smith et al. (37) reported that the human GFAP promoter expressed a transgene to greater than 0.1% of total brain protein. AQP4 protein is normally expressed in glial cells at high levels to increase their water permeability, as the intrinsic (single-channel) water permeability of AQP4 is low (38) . To obtain high levels of AQP4 transgene expression, we used the cytomegalovirus enhancer and human GFAP promoter, as done by Wang and Wang (39) . Out of four GFAP-AQP4-positive mouse lines, the line with highest AQP4 expression was expanded for functional measurements. However, as mentioned under "Results," the decreasing percentage of AQP4-positive mice over several generations suggests an unstable integration site in genome. The expression pattern of a transgene is highly dependent on its integration site (36) . Generation of genetically stable AQP4-overexpressing mice will require propagation of additional founder mouse lines or use of site-specific integration, as has been done in some models (40) .
We used an established model of cytotoxic brain edema, acute water intoxication produced by intraperitoneal injection of water, to investigate AQP4-dependent water movement into the brain across the blood-brain barrier. The acute water intoxication model has been used extensively, including in studies of AQP4 gene deletion in mice (12, 40) and of AQP4 cellular mistargeting produced by ␣-syntrophin gene deletion (41) . Various outcome measures have been used to assess brain water accumulation, including clinical score in awake mice, ICP, brain water content, glial cell foot-process swelling, and near infrared light scattering. Brain water accumulation occurs by an osmotic mechanism in which reduced serum osmolality drives water influx into the brain through an intact blood-brain barrier. Following intraperitoneal water injection, water moves rapidly into the blood compartment, which equilibrates with total body water, generating an osmotic gradient for brain water uptake. As shown in Fig. 3B (inset) , serum hyponatremia rapidly develops following intraperitoneal water injection. We chose intraperitoneal water injection and ICP monitoring for studies of cytotoxic brain water accumulation because it is an established, highly reproducible model that provides continuous, quantitative information about brain water uptake. Although direct intravenous or intraarterial administration of hypotonic fluid might provide more rapid control of serum osmolality, large quantities of fluid would need to be delivered rapidly, which would equilibrate with total body water and produce transient circulatory overload. Another practical consideration in the selection of the model was, as mentioned above, the limited numbers of AQP4-overexpressing mice available for these studies, mandating the use of a model with low failure rate and minimal variability.
In conclusion, analysis of glial cell AQP4-overexpressing mice supports the conclusion that AQP4 expression in glial cell foot processes at the blood-brain barrier is rate-limiting, and thus, that altered expression of AQP4 under pathological conditions is predicted to influence brain water balance. It will be interesting to examine the effect of AQP4 overexpression on other causes of cytotoxic edema, such as ischemic stroke and spinal cord injury, as well as on various forms of vasogenic edema and hydrocephalus.
